Real tim e ultrasound im aging (RTUI) is used to m easure transversus abdom inis (TrA) thickness in low back pain (LBP ) populations. However, individuals with chronic low back pain (C LBP ) pose specific im aging challenges, such as older age and higher body m ass index, com pared to asym ptom atic populations or acute and sub-acute LBP groups. These challenges potentially increase m easurem ent error and m ay require different im aging m ethods.
produces a sum m ary score for each article between zero (lowest) and one (highest). A score of 0.75 was interpreted as m oderate quality. 29 Reliability studies were also assessed using the Q AREL. 28 Studies which reported reliability results without reporting the m ethods to achieve these results were not exam ined using the Q AREL as there was not enough inform ation to determ ine a fair score. This tool exam ined participants, exam iners, blinding, tim ing of tests, analysis, and appropriateness of statistics.
This form scores questions with yes, no, unclear, or not applicable (N/A) and produces a score between zero and 11. A score > 7 was classified as low risk of bias, <7 as high risk of bias, and 7 as m oderate risk of bias in accordance with the classification system used in a previous system atic review. 30 All discrepancies were resolved via consensus. The scores from the two critical appraisal tools were used to assess and com pare the overall quality of the included articles and to determ ine the credibility of the results.
Result s St udy select io n
The electronic database search yielded 2613 articles. Following exclusion of duplicates, 1418 rem ained and title screen yielded 248 eligible articles. A further two studies were identified through hand searching and citation tracking. 31, 32 Both reviewers appraised the abstracts of 248 studies and jointly approved the eligibility of 62 for full-text screening. Following full screening, 20 studies were eligible for review ( Figure 1 ).
Fig u re 1 S t u d y s e le ct io n p ro ce s s

Risk o f bias wit hin st udies
The Q ualSyst assessm ent 27 was applied to all 20 articles and the Q AREL tool 28 was applied to the four reliability studies. 11, [32] [33] [34] Q ualSyst scores ranged from 0.19 to 1. Most studies were found to have m oderate to high quality, 11, 13, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] with only 5 studies scoring below 0.75 31, [45] [46] [47] [48] (Table 1 ) . Results of the Q AREL ranged from three to seven (Table 2 ) . O ne study dem onstrated a m oderate risk of bias, 33 while the rem aining three studies dem onstrated a high risk of bias. 11, 32, 34 Ta b le 1 Qu a lS ys t crit ica l a p p ra is a l re s u lt s Cit at io n Q 1 Q 2 Q 3 Q 4 Q 5 Q 6 Q 7 Q 8 Q 9 Q 10 Q 11 Q 12 Q 13 Q 14 Sc o r e Ta b le 2 QAREL crit ica l a p p ra is a l re s u lt s
Cit at io n Q ue s t io ns : Co s t a e t al 32 Cr it c hle y and Co ut t s 11 Lar ivie r e e t al 33 Mannio n e t al 34 1. Co s t a e t al 32 Cr it c hle y and Co ut t s 11 Lar ivie r e e t al 33 Mannio n e t al 34 Note: NA= not applicable.
Met ho do lo gical appraisal o f st udies
Methodological aspects extracted, recorded and analyzed included ultrasound m ode, transducer type and placem ent, ultrasound frequency, patient positioning and task conducted, operator skill level, im age acquisition, and m easurem ent (Table 3 ) . 3 4 14 CLBP; 7 m al e, 7 fem ale; Age (years) 46 (9) C LBP 24 .9 ± 2. , abduction (60°) or extension ( 40°) in respons Taken at rest, j ust prior to cont raction and duri ng m axim al co
St udy Sample Ult r as o und Se t t ings Me t ho do lo gy
De mo gr aphic s BMI (kg/m2) T r ans duc e r /f r e que nc y/mo de Po s it io n/T as k T r ans duc e r Plac e me nt Me as ur e me nt 
Ult raso und mo de, t ransducer t ype and placement
All studies reported details of their RTUI m ethods. Six studies used brightness (B) m ode, 35 
Part icipant po sit io ning
Nine studies acquired im ages at rest in crook lying or in a non-standardized supine position. 31 
Operat o r skill level
The m ajority of included studies provided no inform ation on the skill level or previous training of operators. 32 O ne study reported that reliability of their assessors had been previously dem onstrated, however, the cited study was on participants without C LBP . 46 O nly one study provided an in-depth explanation of a clinically applicable m inim al training protocol for novice operators involving an initial training session, three m onths of hands-on training, and a final session to ensure a valid protocol.
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Measurement
The m ost com m on reference point for m easuring m uscle thickness on the ultrasound im age was between fascial lines. 13, 33, 34, 38, [42] [43] [44] 47 Three studies used on-screen calipers 11, 39 , 44 for this purpose and four placed a grid over the im age. 32, 36 , 40 , 41 Four studies took thickness m easures in the m iddle of the im age and at set distances either side 33, 36 , 40 , 41 and others reported taking m easures at varying distances from the TrA aponeurosis. 31, 32, 37, 44, 45 In contrast, som e studies calculated m uscle slide during contraction. Measurem ent techniques for this m easured the distance between TrA aponeuroses at rest and during contraction 13, 44 or scrolled the M-m ode video to obtain the change in thickness.
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Measurement reliabilit y
Seven studies reported m easurem ent reliability results in LBP populations 11, 13, 32-34, 40 , 41 and only two were conducted with C LBP participants. 32, 34 (Table 4 ) . Intraclass correlation coefficients (IC C ) for static thickness m easures were 0.97 32 and 0.63-0.89. 34 Thickness changes during contraction ranged between 0.56-0.72 32 and 0.41-0.88. 34 Both studies found higher reliability for static m easures of m uscle thickness at rest com pared to thickness change, changes over tim e or contraction ratios.
32, 34
Ta b le 4 Me a s u re m e n t re lia b ilit y re s u lt s Ta b le 4 Me a s u re m e n t re lia b ilit y re s u lt s Four studies reported com bined results for C LBP and control participants 13, 33, 40 , 41 and one study reported reliability from im age m easurem ents of an asym ptom atic pilot study population. 11 Statistics used to calculate and report reliability in the reviewed studies varied and included 95% confidence intervals, 11, 32, 40 , 41 standard error of m easurem ent, 32-34, 40 , 41 dependability coefficient, 33 and coefficient of variations. 34 Hence, a m eta-analysis was not possible due to heterogeneity of statistical tests.
Discussion
The m ajority of studies using RTUI were of a m oderate to high m ethodological quality, reported m ethodologies were inconsistent and very few studies reported the reliability of the m ethod used. Methodological lim itations included bias due to reproducibility of m ethods, appropriateness of statistics, and controlling of confounding factors, including blinding participants to the ultrasound m onitor and controlling for BMI and other patient dem ographics.
Methodological consistency is im portant in clinical settings and research to ensure reliability and confident com parison of results within and between exam iners, and between studies, especially considering studies include participants from varying subgroups and dem ographic profiles. Methodological inconsistencies throughout the reviewed literature lim it the capacity for clinical interpretation and excluded m eta-analysis. Although the need for TrA RTUI m ethodological consensus has previously been suggested, 30 further research is needed to determ ine if one m ethod would be appropriate for all subgroups of the LBP population.
In particular in the C LBP population, ultrasound frequency m ay need to vary to accom m odate for higher BMI and body fat percentage. 42, 49 It is possible that the wide frequency ranges found in the included literature 32-34, 38, 42, 46 were used to com pensate for individual disparities. Taking the included literature and past recom m endations into consideration, it is possible that a linear or curvilinear transducer sets between 5-10 MHz would achieve the best quality im age in the C LBP population. 7, 50 However, no research is currently available on the effects of frequency choice in individuals with excess subcutaneous fat when im aging TrA.
The descriptions of technique for transducer positioning were m ostly non-specific or am biguous. Landm arks used for transducer placem ent included bony or palpable landm arks, 11, 13, 31, 32, 34-38, 40 -48 visual landm arks such as the um bilicus 33, 38, 39 and theoretical landm arks, such as axillary lines. 11, 34, 35, 38, 39 , 42, 47, 48 Increased difficulties in palpation of landm arks in people with higher BMI 51 is likely to influence reliability of TrA RTUI in the C LBP population. It m ay explain the varied reliability of TrA reported in the review articles. For exam ple, a pilot study using healthy participants found an IC C of 0.94 for TrA thickness m easures 11 whereas a study using C LBP patients found a variation of 0.63-0.89 for the sam e m easure. 34 B-m ode ultrasound was also used to assist transducer placem ent.
Use of B-m ode ultrasound for transducer positioning is likely to be m ost reproducible in a C LBP population, when used in com bination with other techniques such as palpation or visualization of anatom ical landm arks as it can allow for individual variations and alleviates the reliance solely on palpable landm arks. For exam ple, placing the transducer at a standardized distance laterally from the um bilicus (e.g. 10 cm ) and using B-m ode ultrasound to confirm the position. Despite these inferences, no reliability data currently exist for C LBP populations to support this theory. Additionally, increased pressure controlled objectively should be placed through the transducer to com pensate for increased subcutaneous tissue.
The results of this review indicate that TrA activation in C LBP is m ost reliably im aged using autom atic activation tasks while providing visual or verbal feedback on the force of the contraction in order to produce sm aller isom etric contractions.
C osta et al. 32 Hides et al. 13 and Ferreira et al. 36 all provide exam ples of such tools. It is possible that large uncontrolled autom atic activation m ovem ents, such as a straight leg raise m ay be less reliable, as RTUI has been shown to be m ost effective at identifying low-level contractions up to 20% of m axim al. 42 Voluntary activation tasks such as abdom inal hollowing have shown to have high between trial variations due to patients' fluctuating ability to perform the task, which in turn affects reliability. 19 C om pared to research settings, clinically autom atic activation tasks cannot be easily applied, and therefore voluntary contraction in an appropriate, standardized position has been advocated as the m ost appropriate clinical m ethod. 34 This review identified lim ited evidence to determ ine the best m ethod for patient positioning when im aging TrA in a C LBP population. It is anticipated that im aging in four point kneeling m ay be less reliable due to the difficulty in controlling lum bar lordosis, which is known to have an effect on TrA thickness. 41 More research is required to establish the m ost appropriate positioning for C LBP patients and provide conclusive recom m endations for optim al and consistent scanning m ethods appropriate for both clinical and research settings.
It is clinically relevant to investigate m uscle contraction ratios or the difference between resting and contracted
AQ 1
It is clinically relevant to investigate m uscle contraction ratios or the difference between resting and contracted thickness, com pared to singular m uscle thickness m easures at rest. 41 These m easures provide inform ation on percentage of change which relates to m uscle activation. This is especially relevant in C LBP populations where factors, such as age and BMI cause thicker TrA m uscles at rest 24, 35, 41 m eaning m easurem ents are less com parable than a relative m easure when looking at different patient subgroups. In addition, the extended duration of sym ptom s in C LBP can cause increased fatigability and persistent delayed m uscle activation 35 m aking between trial variations m ore pronounced.
O nly a few studies reported inform ation on operator skill level 32, 33, 43, 46 which is a com m on them e reported in past system atic reviews of RUSI m ethods and can be linked to lower m ethodological quality. 19 , 52 Although it has been shown that good intra and inter-rater reliability is possible between novice and experience raters, 53 evidence to support this assum ption is currently insufficient for m easurem ent in C LBP . C om pared to other im aging gold standards, RUSI is highly operatordependent and can affect reliability and validity of m easurem ent, therefore, studies should include a description of operators experience and skill level to assist in com parisons across the literature. 19 , 54 This review identified great variation in the types of TrA m easures taken and where the m easures were taken from on the im age. Measures included thickness m easures at rest and during contraction, contraction ratios, and m uscle slide.
Several studies vaguely reported taking m easurem ents from between fascial lines, 13, 33, 34, 38, [42] [43] [44] 47 or, using a grid over the ultrasound im age 32, 36 , 40 , 41 Grids also risk m easurem ent error depending on how and where it is placed. Studies using a m anual or electronic grid reported a higher variation in IC C results (0.56-0.92), 32, 40 , 41 while those using other m easurem ent techniques did not (IC C = 0.83-0.94) 11, 13, 33 and is therefore not recom m ended.
It has been shown that averaging a single m easure across three im ages im proves reliability, whereas, averaging three parallel m easures from one im age has little effect. 33 Therefore the findings of this review suggest that in C LBP patients, TrA thickness and activation should be m easured using consistent reference points, using the on-screen im age to confirm 
Conclusion
This review dem onstrated that there has been a lack of m ethodological consistency between studies using RTUI to m easure TrA in C LBP populations. This is despite the fact that individually m uch of the evidence is of m oderate to high quality. In addition, reliability was poorly and inconsistently reported and appraisal dem onstrated a m oderate to high risk of bias. This highlights the insufficiency of current research to accurately establish reliable m ethodologies for RTUI m easurem ent of TrA in the chosen population. RTUI is routinely used in clinical practice by physiotherapists to m easure TrA, therefore, it is im portant for clinicians to acknowledge the lim itations of current evidence when applied to C LBP and for researchers to understand the need to establish m ethodological standardization in future studies.
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